A recombinant vaccine (rF1V) is being developed for protection against pneumonic plague. This study was performed to address essential data elements to establish a well-characterized Swiss Webster mouse model for licensing the rF1V vaccine using the FDA's Animal Rule. These elements include the documentation of challenge material characteristics, aerosol exposure parameters, details of the onset and severity of clinical signs, pathophysiological response to disease, and relevance to human disease. Prior to animal exposures, an evaluation of the aerosol system was performed to determine and understand the variability of the aerosol exposure system. Standardized procedures for the preparation of Yersinia pestis challenge material also were developed. The 50% lethal dose (LD 50 ) was estimated to be 1,966 CFU using Probit analysis. Following the LD 50 determination, pathology was evaluated by exposing mice to a target LD 99 (42,890 CFU). Mice were euthanized at 12, 24, 36, 48, 60, and 72 h postexposure. At each time point, samples were collected for clinical pathology, detection of bacteria in blood and tissues, and pathology evaluations. A general increase in incidence and severity of microscopic findings was observed in the lung, lymph nodes, spleen, and liver from 36 to 72 h postchallenge. Similarly, the incidence and severity of pneumonia increased throughout the study; however, some mice died in the absence of pneumonia, suggesting that disease progression does not require the development of pneumonia. Disease pathology in the Swiss Webster mouse is similar to that observed in humans, demonstrating the utility of this pneumonic plague model that can be used by researchers investigating plague countermeasures.
P
lague is caused by the Gram-negative bacterium Yersinia pestis. While natural outbreaks of disease occur in wildlife populations, humans are incidental victims in the life cycle of the bacterium in rodents. Human disease may also result from contact with blood or tissues of infected animals or exposure to aerosolized droplets containing bacteria (32, 37) . Three forms of the disease exist and are believed to be dependent upon whether the bacteria enter the lymph nodes (bubonic), the bloodstream (septicemic), or the lungs (pneumonic).
Due to the potential person-to-person transmission of pneumonic plague, the Centers for Disease Control and Prevention (CDC) consider this disease to be a serious potential threat and have listed Y. pestis as a Category A threat, the highest-risk threat for potential bioterrorism agents (9) . Aerosol dissemination represents the most plausible scenario for the use of Y. pestis as a biological weapon, with pneumonic plague being the most likely form of the disease that would occur following its use in a battlefield scenario or terrorist attack. In fact, the use of Y. pestis as a biological weapon is believed to have occurred as early as the mid1330s on the Crimean coast (8, 25) . In modern times, the use of Y. pestis by the Japanese Army during World War II as a potential biological weapon has been described (45) , and the former Soviet Union is thought to have created highly lethal strains of Y. pestis in the 1970s and 1980s for a similar purpose (5) .
Currently, no licensed plague vaccines are available for human use in the United States. The previously available U.S. Pharmacopeia vaccine was a killed, whole-cell vaccine that provided protection against bubonic plague but not pneumonic plague (3, 19, 24, 27) . Significant local and systemic reactions also were reported following the administration of that vaccine (24, 27) . Live attenuated vaccines have been used in several countries; however, due to considerable reactogenicity associated with these vaccines, they have not been licensed for use in the United States (17) . Efforts to develop new plague vaccines have focused primarily on the proteins that play an important role in Y. pestis virulence, specifically the F1 capsular protein and V virulence proteins (3, 19, 49) . The F1 protein forms a capsule-like structure on the surface of the bacterium that enables it to escape phagocytosis (46) , and V antigen contributes to the type-three secretion system necessary for the Yersinia outer member proteins (Yops) to enter host cells (39) . Antibodies against F1 (4) or V (23) protect mice against subcutaneous or aerosol challenge with Y. pestis. Furthermore, immunization with both F1 and V confers significantly higher levels of protection against both routes of challenge than immunization with either protein alone (19, 49) . A recombinant plague vaccine (rF1V) composed of the F1 capsular protein and the V virulence protein fused into a single protein and formulated with alhydrogel is being developed by the U.S. Department of Defense to protect military personnel (ages 18 to 55) against battlefield exposures to aerosolized Y. pestis (29) . Since the efficacy of the rF1V vaccine cannot be determined directly in humans and the incidence of pneumonic plague in the general population is low (50) , the licensure of the rF1V vaccine will be sought based on meeting the requirements of the Animal Rule (13a).
There are several critical components in evaluating vaccine efficacy under the Animal Rule. Draft guidance provided by the FDA describes recommendations regarding route of exposure and challenge agent as well as design considerations in model development studies (10) . Based on this guidance, animal models should be developed with both males and females using a route of exposure to the challenge agent that is the same as the anticipated human exposure route. Furthermore, the challenge agent used for animal studies should be identical to the etiological agent that causes human disease, and the material should be characterized to the fullest extent possible. Lastly, the reliable quantification and reproducibility of the challenge dosage should be documented.
This study was performed to address the essential data elements needed to establish a relevant animal model, as described in the FDA draft guidance document (10) . The acceptance of the animal models for pneumonic plague and the subsequent evaluation of the rF1V vaccine involves the performance of well-controlled, well-documented studies that incorporate these requirements. A cynomolgus macaque model for pneumonic plague was recently developed (43) , and the utility of the model in evaluating plague vaccine candidates was reported (13, 15, 26, 47) . The development of a second animal model described here, the Swiss Webster mouse, facilitates meeting requirements of the Animal Rule.
MATERIALS AND METHODS

Animals.
Equal numbers of male and female Swiss Webster (CFW) mice were obtained from Charles River Laboratories, Inc. (Portage, MI). Mice were approximately 9 weeks old at study initiation and ranged in weight from 22.6 to 35.5 g, with an average weight of 28.4 g. Animal housing consisted of plastic solid-bottom cages with hardwood chip bedding. Mice were provided food (certified rodent diet 5002; PMI Nutrition International, Inc., St. Louis, MO) and water ad libitum. Animal rooms were maintained at temperatures ranging from 22 to 24°C with alternating 12-h periods of light and dark and relative humidity ranging from 43 to 59%. Prior to exposure, all mice were acclimated during a 3-day period to the conditions experienced during the nose-only aerosol exposure to decrease stress on the day of exposure. Studies were conducted according to the principles set forth in the Guide for the Care and Use of Laboratory Animals (31) and adhered to all relevant federal guidelines and facility policies.
Characterization of Y. pestis CO92 banks. Y. pestis CO92 (Orientialis biovar), isolated from a fatal human case of pneumonic plague (16) , was chosen as the challenge agent in the model development and subsequent rF1V vaccine efficacy studies. The strain is generally accepted as a standard challenge strain, and its use has been widely reported in the literature (2, 3, 6, 19, 22, 35) . Challenge material is considered a critical reagent, and using well-characterized material adds further control to the aerosol exposure system and confidence in subsequent data collected from animal studies.
To ensure the quality and integrity of Y. pestis CO92, it was grown, characterized, and stored in a tiered banking system. The characterization testing of the banks was performed to ensure that preestablished technical specifications were met, including titer, purity, phenotype, growth curve, Gram stain, antibiotic susceptibility, glycerol fermentation, nitrate reduction, PCR, restriction fragment length polymorphism (RFLP), and multiple-locus variable-number tandem repeat analysis (MLVA). In vivo mouse pathogenicity was determined by conducting a subcutaneous 50% lethal dose (LD 50 ) determination study in equal numbers of male and female mice.
Challenge material. A standardized procedure was developed for the preparation of Y. pestis CO92 challenge material. Briefly, a frozen vial of the Y. pestis CO92 Working Cell Bank was thawed, and 500 l was used to inoculate 100 ml of heart infusion broth plus 1.0% xylose (HIBx) in a 250-ml flask. The flask was incubated at 28 Ϯ 2°C for approximately 18 h with shaking (200 Ϯ 25 rpm). The optical density at 600 nm (OD 600 ) of the culture was adjusted to a final OD 600 of 1 Ϯ 0.1 with HIBx, which corresponded to a historical titer of 2 ϫ 10 8 CFU/ml. Dilutions of the challenge material were prepared using phosphate-buffered saline to achieve the starting nebulizer concentrations required to achieve the target aerosol dosages. No additives, such as antifoam, were added to the challenge material preparation or to sample collection media in the allglass impingers (AGI; Prizm Glass, Research Triangle Park, NC). The preparations were stored on ice until use.
Challenge material was also characterized for titer, phenotype, purity, and Gram stain each time it was prepared. Titer and phenotype were determined by plating dilutions of the challenge material in triplicate on tryptic soy agar and Congo red agar (CRA), respectively. Purity was evaluated by streaking for single-colony isolation on the following media: tryptic soy agar with 5% sheep blood, MacConkey agar, phenylethyl alcohol agar, and cefsulodin-Irgasan-novobiocin agar. A set of plates consisting of each medium type was incubated at three different temperatures (28 Ϯ 2, 37 Ϯ 2, and 23 Ϯ 2°C) for a maximum of 14 days. Gram staining was performed using routine procedures.
Aerosol exposure system qualification. The aerosol route of exposure is the most relevant route of challenge for animal model development studies, as the rF1V vaccine is being developed to provide protection against pneumonic plague. Specifically, the nose-only route of exposure was chosen to ensure that all mice are exposed to an equivalent presented dosage of the challenge agent. Prior to conducting the LD 50 and pathophysiology studies, the performance of the aerosol exposure system was characterized by evaluating spray factor, linearity of response, reproducibility, and particle size during 3 days of aerosol exposures in the absence of animals (sham exposures) with Y. pestis CO92. Spray factor is a unitless measurement and is defined as the ratio of the atmospheric concentration of the challenge material in the aerosol chamber to the starting concentration of challenge material in the nebulizer. It is a function of the aerosol generator, the biological agent, and the flow characteristics of the aerosol exposure system. Three nebulizer target concentrations (10 6 , 10 7 , and 10 8 CFU/ml) of Y. pestis CO92 were tested in triplicate during three separate days to determine run-to-run and day-to-day variability. These target nebulizer concentrations were chosen because they represented the range of target challenge dosages planned in subsequent mouse exposure studies. For each exposure, spray factor was calculated by dividing the chamber concentration by the starting nebulizer concentration. The spray factor provides an indication of the consistency of the aerosol system in delivering aerosolized Y. pestis at the target nebulizer concentrations. The particle size distribution of the aerosol was determined using a viable Anderson-type cascade impactor model TE-10-800 (Tisch Environmental, Cleveland, OH) operating at 28.3 liters per min (lpm). The mass median aerodynamic diameter (MMAD) was calculated based on the viable bacteria counts on CRA at each stage of the impactor process. Aerosol exposure. The Y. pestis CO92 aerosols were generated using six Pari LC Plus nebulizers (Pari GmbH, Starnberg, Germany) connected to a custom-made glass mixing plenum. This configuration creates sufficient airflow in the exposure chamber to promote the mixing of the generated aerosol such that no additional dilution air is required. This prevents desiccation and the potential reduction of viability of the organism during the aerosolization process, thereby reducing the need to monitor humidity. Each Pari nebulizer operates at 20 lb/in 2 and produces airflow of approximately 4 to 5 lpm. Combining six Pari nebulizers has the net effect of producing approximately 25 to 30 lpm of airflow. Once the mixing of the aerosols occurs in the mixing plenum, the aerosols flow into the nose-only exposure chamber through a tube junction into the 64-port flow-past nose-only exposure chamber (Lab Products Inc., Seaford, DE). Temperature and airflow are monitored throughout the exposure. Incoming airflow is balanced with exhaust flow so that the overall pressure difference in the exposure chamber is close to zero. All exhaust air is filtered through dual HEPA filters. The aerosol chamber concentration is sampled using two AGIs (215 by 28 mm), each containing 10 ml of PBS, serially connected to a port in the exposure chamber. The primary AGI contained 2-mm beads to enhance collection efficiency by increasing surface area. AGI flow rate was controlled by a critical orifice at 1 Ϯ 0.1 lpm. Unanesthetized mice were restrained in nose-only tubes and placed into the exposure tower such that only the mouse nose was exposed to the aerosol. Mice were exposed to the Y. pestis aerosol for 10 min to achieve the targeted aerosol dosage. The exposure chamber was sampled by the AGI for approximately 9 min. The purging of the aerosol system with clean air occurred for at least 5 min following aerosol exposure. Samples from the nebulizer and the AGIs were plated in quintuplicate on CRA to confirm the concentration of the starting material and to determine the concentration of the aerosol in each exposure. Respiratory minute volumes (RMV) were estimated for each mouse using Guyton's formula (18) . Presented dosages were calculated based on RMV, exposure time, and aerosol concentration, as determined by AGI samples. The MMAD of the bacteria were determined for each aerosol exposure.
Aerosol LD 50 determination. A total of 50 Swiss Webster mice (five males and five females per group) were challenged via the nose-only route of aerosol exposure. Targeted inhaled challenge dosages ranging from 2 ϫ 10 2 to 2 ϫ 10 5 CFU of Y. pestis CO92 were selected to confirm the LD 50 . These dosages were selected based on data collected in a pilot study designed to evaluate the lethality of the Y. pestis CO92 Working Cell Bank (unpublished results). Mice were observed twice daily for clinical signs of disease and mortality for 14 days postchallenge.
Pathophysiology of disease. A total of 142 Swiss Webster mice (71 males and 71 females) were used to evaluate the pathophysiology of pneumonic plague. The study design is provided in Table 1 . Mice in groups 1 through 6 were exposed by the nose-only route to an inhaled target dosage of 1 LD 99 (4.3 ϫ 10 4 CFU) of Y. pestis CO92 during multiple exposure runs on the same day. At 12, 24, 36, 48, 60 , and 72 h postchallenge, samples were collected from mice in groups 1 to 6. Mice in group 7 were untreated and served as baseline controls for clinical chemistry and hematology. Mice in group 8 were exposed to aerosols of the fresh growth medium used to propagate the challenge material and were euthanized at 12 or 72 h postchallenge. These mice served as the controls for pathology evaluations.
Blood collection. Terminal blood samples were collected from each animal in groups 1 through 6 in the pathophysiology study (after isoflurane anesthesia) via retro-orbital sinus puncture for clinical chemistry, hematology, and bacteriological culture at 12, 24, 36, 48, 60, and 72 h postchallenge. Terminal samples were collected from the untreated controls (group 7) at 12 h and served as the baseline controls for clinical chemistry and hematology. Serum samples for clinical chemistry evaluations were pooled by collection time point and sex. They were analyzed using a Synchron LX20 Clinical Systems analyzer (Beckman Coulter, CA). Individual mouse samples were used to determine hematocrit and manual differential white blood cell counts. Paired capillary tubes from each individual mouse were spun for 5 min in a hematocrit centrifuge (BD-Clay Adams, NJ), and values were read with a Critocaps microhematocrit capillary tube reader. The two values were averaged and recorded as the percentage of packed red blood cells (RBC). Blood smears were stained using Wright-Giemsa staining methods with an automated staining system (Midas II Stainer; EM Science, Gibbstown, NJ), and manual differential counts of cells were performed. The remaining blood at each time point was pooled by sex for a qualitative assessment of bacteremia by plating 100 l of the pooled blood sample onto CRA.
Necropsy and histopathology. All mice, with the exception of those in group 7, were subjected to necropsy. Tissues selected for microscopic evaluation were based upon a review of historical data (1) and included lung (with mainstem bronchi), trachea, lymph nodes (mandibular, axillary, inguinal, bronchial, and mediastinal), kidneys, spleen, and liver. Prior to tissue preservation in formalin, using a sterile technique, samples of the spleen, liver, kidney, and lung were collected for qualitative evaluation to determine the incidence of bacteria in each tissue. A sample of tissue from each organ was collected and placed into a tube containing 0.5 ml of 1% peptone. The tissue was homogenized using a disposable pestle (USA Scientific, Ocala, FL), and 100 l was spread plated onto CRA. The plates were incubated for approximately 2 days at 28°C. Formalin-fixed tissues were routinely processed and paraffin embedded, and sections were stained with hematoxylin and eosin. Microscopic findings were graded semiquantitatively according to the following scale, with the associated numerical score used to calculate average severity grades for each lesion by group and sex. Lesions were graded on a scale of 1 to 4. Minimal (grade 1) represented the least detectable lesion; mild (grade 2) represented an easily discernible lesion unlikely to have biological relevance; moderate (grade 3) represented a change affecting a large area of represented tissues with the potential to be of some relevance; and marked (grade 4) represented a lesion that approached maximum relevance.
Statistical analysis. Probit analysis (Minitab, State College, PA) was used to estimate the LD 50 and LD 99 values. t test analysis (Microsoft Excel) was used to compare differential white blood cell count data for significance compared to the baseline controls.
RESULTS
Cell bank characterization. Y. pestis CO92 cell bank characterizations were previously performed (unpublished data). Briefly, results indicated that the banks are pure, Gram-negative cultures, with titers of Ն10 6 CFU that exhibited 100% pigmented colonies when plated on CRA. Time course studies showed that cell growth exhibited characteristic lag, logarithmic, and stationary growth phases. Additional testing indicated that the banks demonstrated a positive result for nitrate reduction, a negative result for glycerol fermentation, and susceptibility to streptomycin, ciprofloxacin, tetracycline, gentamicin, and doxycycline. Genetic testing confirmed the presence of three plasmids (pCD1 [pYV], pMT1
[pFra], and pPCP1 [pPst]), identified banding patterns via RFLP, and determined that MLVA resulted in amplified loci differing by no more than five base pairs from predicted sizes. Finally, the LD 50 of banked material was determined to be 1.5 CFU when administered by the subcutaneous route of injection.
Challenge material. Characterizations of the challenge material demonstrated that overnight cultures were Gram-negative, 
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for the highest nebulizer concentration (10 8 CFU/ml) to 1.1 ϫ 10 Ϫ5 for the lowest nebulizer concentration (10 6 CFU/ml), indicating that the efficiency of the aerosol exposure system was similar at the nebulizer concentrations tested. The run-to-run and day-to-day variability for each of the nebulizer concentrations was Ͻ3-fold, with one exception. On the second day of exposures, the run-to-run variability observed in the aerosol chamber concentrations with the 10 7 CFU/ml nebulizer concentration was 6.8-fold. The MMAD of the particles across all aerosol exposures ranged from 1.23 to 1.5 m, which was in the respirable range (21) .
Lethality. The target aerosol concentrations in the LD 50 study ranged from 2 ϫ 10 2 to 2 ϫ 10 6 CFU/mouse, with presented dosages ranging from 2.3 ϫ 10 2 to 6.9 ϫ 10 5 CFU/mouse ( Table  2 ). All mice in the 3 highest challenge dosage groups succumbed to disease following challenge, while 9 of 10 and 4 of 10 mice survived in the 2 lowest challenge dosage groups, respectively. Adverse clinical signs observed in the mice postchallenge included hunched posture, rough coat, and lethargy. While the onset of clinical signs was not associated with challenge dosage, the frequency of clinical signs was dosage related. Mean time to death (MTTD) generally trended lower with increasing challenge dosages. Using Probit analysis, the LD 50 and LD 99 were calculated to be 1,966 and 42,890 CFU, respectively ( Table 3 ). The LD 50 was similar to that previously determined (2,310 CFU; unpublished data) and falls within the infective dose range for a human, which is estimated to range from 5 ϫ 10 2 to 1.5 ϫ 10 4 organisms (40) . The estimation of the LD 99 was important in selecting the aerosol exposure level for the subsequent pathophysiology study and planned vaccine efficacy studies to ensure lethality in naïve animals. (Fig. 1A and B) . While levels of AST increased at these later time points, they were within the normal range (41) . A third liver function enzyme, alkaline phosphatase (ALP), trended downward compared to baseline levels (Fig. 1C) ; however, values in the males were above the normal range at baseline. Lactate dehydrogenase (LDH), an indicator of primary muscle and hepatic damage, trended upward with a 3-fold increase from the baseline observed at the 72-h time point (Fig. 1D) . The statistical significance of this trend could not be determined, since individual samples were not evaluated. Given the concurrent microscopic findings (discussed further below) in multiple tissues, these results appear to be relevant in the progression of disease following aerosol challenge with Y. pestis CO92 in mice.
(iii) Hematology. No differences in the individual hematocrit values during the 72-h collection period were observed. The average hematocrit value for all samples was 42.6% Ϯ 3.1%. Differential white blood cell counts yielded a statistically significant (P Յ 0.05) increase in neutrophil percentages coupled with a concurrent statistically significant (P Յ 0.05) decrease in lymphocytes beginning at 36 h compared to baseline values. These significant differences were also observed at the 48-, 60-, and 72-h time points (Fig. 2) . Differences in cell counts between male and female mice were observed only at the 72-h time point. While overall neutrophil counts were increased and lymphocyte counts decreased at this time point, female mice exhibited a significantly lower (P Յ 0.05) neutrophil count and a significantly higher (P Յ 0.05) lymphocyte count compared to male mice. Changes (morphological or percentage) were not observed in any other cell types counted.
(iv) Bacteria in blood and tissues. Qualitative assessments of bacteria in blood (pooled samples by group) and tissues were made at each sample collection time point. Bacteremia was detected at 24 h postchallenge in samples collected from females, whereas bacteremia was not detected until 36 h postchallenge in males. Bacteremia was detected in both males and females at all subsequent time points. The presence of bacteria in the lung, liver, kidney, and spleen was also assessed at each sample collection time point. The presence of bacteria was evident in lungs, as expected, for all animals starting at the 12-h time point, while bacteria in the liver, kidneys, or spleen were not detected until 24 h postchallenge. The numbers of mice with tissues testing positive for Y. pestis began increasing 24 h postchallenge and continued to increase throughout the collection time points (Table 4 ). The microscopic observations of bacteria in the lung and mandibular lymph node were noted 36 h postchallenge. By 48 h postchallenge, the number of tissues with microscopic observations of bacteria increased and generally continued to increase throughout the collection time points. While bacteria were isolated from the kidney using microbiological culture methods, they were not observed microscopically. (v) Necropsy and histopathology. The majority of the mice in the study were exposed to Y. pestis and euthanized at scheduled time points (every 12 h) postexposure. The prosectors and the pathologist were aware of the scheduled sample collections and therefore were not blinded. Necropsies were performed on 20 mice at each sample collection time point postchallenge.
At 12 and 24 h postchallenge, no gross lesions were present in any tissues examined that were considered plague related. By 36 h, enlarged mandibular lymph nodes and spleens were observed in both male and female mice. The incidence was 45% for the mandibular lymph node and 24% for the spleen. Over time the incidence of enlarged lymph nodes varied from 20 to 55% with no direct time relationship until 72 h postchallenge (55%). Similarly, the incidence of enlarged spleens varied between 20 and 25% until the 72-h time point, when the incidence was 40%. Gross lesions were not identified in the kidney or liver at any time point.
Mice challenged with Y. pestis CO92 and euthanized 12 h postchallenge did not have microscopic lesions in the lungs, lymph nodes, liver, spleen, or kidneys considered to be associated with Y. pestis infection. Pneumonia was defined as the presence of a minimal to moderate inflammatory cell infiltrate. At 24 h postchallenge, the only mouse with microscopic lesions had minimal focal mixed-cell infiltrate (neutrophils, macrophages, and lympho- Table 1 . Error bars represent standard deviations. Diamonds, neutrophils; triangles, lymphocytes. An asterisk indicates a statistically significant (P Ͻ 0.05) increase in neutrophils and a concurrent statistically significant (P Ͻ 0.05) decrease in lymphocytes from baseline values. cytes) adjacent to airways in the lung. This infiltrate was observed at later time points with increased severity. There were no remarkable microscopic lesions present in any other tissues at this time point. Pneumonia and bacteria were present in 2 mice (10%) at 36 h postchallenge. In 1 of these 2 mice the pneumonia was accompanied by mild alveolar edema and minimal necrosis. Minimal hypertrophy of the endothelial cells lining the vessels of the lung, an early indicator of acute inflammation, was present in two mice. A third mouse with minimal hypertrophy of the endothelial cells had no evidence of an inflammatory cell infiltrate. Neutrophilic infiltrates were present in the mandibular lymph nodes of 4 (20%) mice, 2 of which also contained bacteria.
The spleen of one mouse had moderate depletion of the marginal zone with mild neutrophilic infiltrate. These two findings in the spleen were commonly observed at later time points in the study with increased severity. In general, the inflammatory processes and growth of bacteria were more common in male mice but were slightly more severe in the female mice. Reported observations of bacteria are inclusive of all mice, not just those with pneumonia. No microscopic changes were observed in the liver and bronchial lymph nodes at 36 h postchallenge. A summary of the relevant microscopic findings and micrographs of plague-related lesions are provided in Table 5 and Fig. 3 , respectively.
By 48 h postchallenge, multiple microscopic findings in the lung, lymph node, spleen, and liver were observed and considered plague related. Eight mice (40%) had microscopic evidence of pneumonia, with bacteria observed in the lungs of 7 of the 8 mice. Necrosis was present in two of the mice with pneumonia. Minimal hypertrophy of the vascular epithelium of the lung was present in four mice. Three additional mice with minimal hypertrophy of the endothelial cells had no evidence of inflammatory cell infiltrate. Neutrophilic infiltrates were present in the mandibular lymph nodes of 8 (40%) mice and in the bronchial lymph node of 5 (25%) mice. In three mice, both lymph nodes contained neutrophils. Bacteria were observed in 92% of the lymph nodes containing neutrophils. Necrosis was present in the mandibular lymph nodes of four mice. Minimal to moderate depletion of the marginal zone of the spleen was present in 13 (65%) of the mice with a concurrent presence of neutrophils in 11 mice. Bacteria were observed in the red pulp of two mice. Minimal to mild infiltrates of neutrophils in the sinusoids of the liver were present in 8 (40%) mice with necrosis present in 2 (10%) mice. Bacteria were not observed in the liver at this time point.
By 60 h postchallenge, 14 (70%) mice had one or more microscopic finding considered to be plague related. Pneumonia was observed in the lungs of 10 (50%) mice, with bacteria observed in 9 of the 10 mice. Necrotizing pneumonia and alveolar edema were present in two mice. Minimal to moderate hypertrophy of the vascular epithelium of the lung was present in eight mice. An additional mouse with a mildly hypertrophic vascular epithelium had no evidence of inflammatory cell infiltrate. Seven (35%) mice had neutrophilic infiltrates with coincident bacteria in the bronchial lymph node, whereas bacteria in the absence of neutrophilic infiltrate were observed in one mouse. Necrosis and inflammation were also present in 4 of the 7 mice. Eight (40%) mice had neutrophilic infiltrates and bacteria in the mandibular lymph node; necrosis and inflammation were present in all but one mouse.
Minimal to moderate depletion of the marginal zone and white pulp of the spleen was observed in 2 and 10 mice, respectively, with concurrent infiltration of neutrophils in the red pulp. Bacteria were observed in the spleen of 7 mice, with necrosis present in 1 of the mice. Clusters of neutrophils in the sinusoids of the liver were present in 10 (50%) mice with bacteria and necrosis observed in 3 of the 10 mice.
By the final 72-h-postchallenge collection point, multiple microscopic findings in the lung, lymph node, spleen, and liver were observed and considered plague related. Microscopic evidence of pneumonia with bacteria was observed in lung sections of 10 (50%) mice. Inflammation in the lung was necrotizing in 5 of the mice with pneumonia. The hypertrophy of the vascular epithelium was present in 10 mice. Nine mice (45%) had neutrophilic infiltrates in the bronchial lymph node concurrent with bacteria; however, bacteria were present in an additional mouse without an infiltrate of neutrophils. Bacteria were also observed in two mice without microscopic evidence of pneumonia. Neutrophilic infiltrates were observed in the mandibular lymph node of 10 mice (50%), with concurrent bacteria in all but one of the mice. Necrosis was present in 6 bronchial and 7 mandibular lymph nodes. Mild to marked depletion of the marginal zone or white pulp of the spleen was observed in 16 (80%) of the mice, with concurrent infiltrates of neutrophils in the red pulp of all but one mouse. Bacteria were present in the red pulp of half of these mice. Clusters of neutrophils were observed in the liver in 10 mice with associated necrosis, and bacteria were observed in 5 of the mice. Necrosis and bacteria in the absence of a neutrophilic infiltrate were observed in four mice. The liver of one mouse contained bacteria in the absence of additional microscopic observations.
At the last two sample collection points, nine mice exhibited congestion in multiple tissues without the presence of pneumonia. Microscopic observations of bacteria in the lymph nodes, spleen, and liver in the absence of an inflammatory process were present. The marked depletion of the marginal zone in the spleen was also observed.
DISCUSSION
Several small animals have been evaluated as potential models for pneumonic plague (1, 48) . Guinea pigs, rabbits, and rats have been used in model development studies; however, each has limitations regarding their suitability as an appropriate animal model for vaccine licensure under the Animal Rule. Guinea pigs are not responsive to F1 and V antigen-based vaccines without the inclusion of oil-based adjuvants which are not licensed for human use (36, 42) . In addition, guinea pigs are somewhat resistant to F1 strains of Y. pestis that are virulent for other animal species as well as for humans (7, 44) . Rabbits have not been established as reliable laboratory models for plague, even though they are susceptible to infection in the wild. Following aerosol challenge, rabbits develop septicemic plague rather than pneumonic plague (33) . However, they respond well to vaccination with F1-and V-based vaccines and are often used to make antibodies (20, 28) . Although wild rats are associated with natural outbreaks of plague, laboratory strains of rats are more resistant to infection than those of mice or guinea pigs (12) .
Several strains of mice have been used to describe the pathogenesis of pneumonic plague (2, 6, 22, 35) . Bubeck et al. (6) compared the pathogenesis of pneumonic plague in outbred and inbred strains of mice and found that the kinetics of infection and progression of disease were the same for both strains of mice. We selected the outbred Swiss Webster (CFW) mouse strain for additional characterization in this study as a small-animal model for pneumonic plague based upon proof-of-concept studies demonstrating the immunogenicity and efficacy of the rF1V vaccine (3, 19) . Furthermore, the heterogeneous immune responses expected in an outbred strain of mice due to inherent genetic differences may be more reflective of the expected human response than responses expected in an inbred strain of mouse. Lastly, male and female mice were used in this study to evaluate the pathophysiology of disease in both sexes, as recommended in FDA draft guidance (10) . Challenge agent, route of exposure, quantification of exposure, and pathogenic determinants, all important characteristics of animal model development that may affect disease, were evaluated in this study. We believe this to be the only published mouse model study specifically designed to fulfill these essential data elements required for animal models as described in FDA draft guidance (10) .
Human cases of pneumonic plague are characterized by the presence of lobular pneumonia and consolidation. Lung volume decreases over time as a result of extensive edema and the presence of neutrophils and bacteria. Bacteria are also present in the blood, lymph nodes, and spleen (1). Similar findings were observed in our study, supporting the utility of the Swiss Webster mouse model of pneumonic plague.
Microscopic evidence of pneumonia was observed in a single mouse with a mixed-cell infiltrate 24 h postchallenge. Neutrophils, usually first responders in the immune cell repertoire following bacterial infection (34), were not observed microscopically by 12 or 24 h postchallenge. The delay in the migration of neutrophils to the tissues was likely due to the anti-inflammatory effects of the type three secretion system which allowed the growth of Y. pestis in the host (30) by the downregulation of intracellular adhesion molecule-1 (ICAM-1) and E-selectin by Yersinia outer protein P (YopP/YopJ) (14) . E-selectin expression on endothelial cells assists in neutrophil rolling, and ICAM-1 assists in neutrophil adhesion, arrest, and migration into the tissue. However, by 36 h postchallenge, neutrophilic infiltrates were observed in the lung, mandibular lymph node, and spleen. A concurrent increase in neutrophil counts was also observed in the blood at this time and is consistent with response to infection.
There was a time-dependent increase in the incidence and severity of pneumonia over time. The pneumonia was similar to the exudative pneumonia with edema described for C57BL/6 mice (22) and previously described for Swiss Webster mice (2) . Furthermore, mice with pneumonia more commonly had inflammation in the lymph nodes that drain the lung. We also observed a general increase in the incidence and severity of microscopic find-ings in the lymph nodes, spleen, and liver. The highest incidence of bacteria and neutrophils was in the mandibular lymph node. This may be due to the direct drainage of bacteria from the nasal cavity and pharynx. Bacteria also spread via the blood to colonize tissues, as evidenced by the isolation of bacteria and increased microscopic observations of bacteria in the tissues. Concurrent with the influx of immune cells and bacteria into the lymph nodes was a moderate depletion of the marginal zone of the spleen. The marginal zone is predominantly composed of macrophages, which are important in removing bacteria and viruses and presenting antigens to lymphocytes (11) . In general, as these macrophages disappeared from the spleen, the numbers of tissues with bacteria increased, suggesting that the host immune response could no longer control infection.
Scattered neutrophilic infiltrates in the liver were observed by 48 h postchallenge, and the incidence remained relatively steady throughout the remainder of the study. Increases in clinical chemistry values for ALT and AST observed at this time point were consistent with microscopic observations of inflammation and necrosis in the liver. The presence of neutrophils in the liver as well as spleen and lymph nodes at this time was associated with an increase in neutrophil counts in the blood. With this increase in neutrophils in the blood there was a concomitant decrease in circulating lymphocytes 48 h postchallenge. The decrease in lymphocytes may have been secondary to stress, disease, and shock in the mice (38) .
By 60 and 72 h postchallenge, mice were observed to have hunched posture and rough fur. The incidence of pneumonia was increased compared to that at previous time points. Inflammation with bacteria in the lymph nodes draining the lung was common in the mice with pneumonia, whereas inflammation and bacteria were observed in the mandibular lymph node of mice without pneumonia. Whether this represents two separate progressions of disease or whether all animals with only mandibular lymph node involvement would have progressed to a pneumonic state is unknown. The depletion of the marginal zone in the spleen and the incidence of neutrophilic infiltrates in the liver also increased. By 72 h postchallenge, large clusters of bacteria had grown in the interstitium around blood vessels, providing strong support for vascular delivery of the bacteria back into the lung. This observation supports the hypothesis (22) that primary pneumonic plague at this stage of disease in mice is a combination of primary and secondary foci of infection.
Our observation that some mice died at these later time points with congestion in multiple tissues or mandibular lymphadenitis without microscopic evidence of pneumonia suggests that the septicemic form of disease can result following exposure via the respiratory route. Indeed, fatal cases of human plague with cervical lymphadenitis have been reported. It has been suggested that these individuals were exposed by the oral and/or aerosol route and developed pharyngeal plague that progressed to a systemic infection rather than the pneumonic form of disease (32, 33) . Septic shock induced by hypotension likely was responsible for the deaths in mice with congestion in multiple tissues, and mice with lymphadenitis likely died from Gram-negative sepsis, suggesting disease progression that did not require the development of fulminate pneumonia.
No differences were observed in clinical signs or mortality rate between male and female mice. However, some differences were observed in bacterial burden, hematology parameters, and microscopic evaluations of tissue between male and female mice. While the presence of bacteria in blood was detected 12 h earlier in females than males, the number of tissues with bacteria was slightly higher in male mice. These differences likely are not meaningful given that bacteremia was detected using pooled samples and that the qualitative assessment of bacterial burden in the tissues was performed. Although overall white blood cell counts yielded significant increases in neutrophil counts and a corresponding decrease in lymphocytes at 36 h postchallenge and at subsequent time points, differences in counts between males and females was observed only at the 72-h time point. Female mice exhibited a significantly lower (P Ͻ 0.05) neutrophil count and a significantly higher (P Ͻ 0.05) lymphocyte count compared to male mice at this time point, suggesting that the response to an acute inflammatory stimuli was more robust in females. This is supported by microscopic observations of tissue in which the inflammatory processes and growth of bacteria were more common in male mice but were slightly more severe in the female mice. Regardless, these data suggest that both male and female Swiss Webster mice are appropriate models of pneumonic plague.
This study was performed to address the essential data elements needed to establish a relevant animal model, as recommended in FDA draft guidance (10) . The data collected from this study using well-characterized challenge material to expose mice in a nose-only aerosol exposure system demonstrate the utility of the Swiss Webster mouse as a model of pneumonic plague that can be used by other researchers investigating plague countermeasures. The characterization of the Swiss Webster mouse model of pneumonic plague in conjunction with the previously developed cynomolgus macaque model (43) concludes animal model development studies currently planned prior to evaluating the efficacy of the rF1V vaccine.
